In this paper, we investigate the price interdependence between seven international stock markets, namely Irish, UK, Portuguese, US, Brazilian, Japanese and Hong Kong, using a new testing method, based on the wavelet transform to reconstruct the data series, as suggested by Lee (2002). We find evidence of intra-European (Irish, UK and Portuguese) market co-movements with the US market also weakly influencing the Irish market. We also find co-movement between the US and Brazilian markets and similar intra-Asian co-movements (Japanese and Hong Kong). Finally, we conclude that the circle of impact is that of the European markets (Irish, UK and Portuguese) on both American markets (US and Brazilian), with these in turn impacting on the Asian markets (Japanese and Hong Kong) which in turn influence the European markets. In summary, we find evidence for intra-continental relationships and an increase in importance of international spillover effects since the mid 1990's, while the importance of historical transmissions has decreased since the beginning of this century.
Introduction
The relationships between international stock markets have been investigated in several articles, especially after "Black Monday" (October 1987 ). These studies indicated that co-movements among stock markets have increased the possibilities for national markets to be influenced by changes in foreign ones. For example, Eun and Shim (1989) investigated the relationships among nine major stock markets (Australia, Canada, France, Germany, Hong Kong, Japan, Switzerland, the UK and the US) using the Vector Autoregressive (VAR) model and reported that news beginning in the US market has the most influence on the other markets. Lin at el (1994) studied the interdependence between the returns and volatility of Japan and the US market indices using daytime and overnight returns. The results indicated that daytime returns in each market (US or Japan) are linked with the overnight returns in the other.
In addition, Kim and Rogers (1995) used GARCH 1 to study the comovements between the stock markets of Korea, Japan, and the US and their result indicated that the spillovers from Japan and the US have increased since the Korean market became open for outsiders to own shares. Further, Booths et al. (1997) reported that there are significant spillover effects among Scandinavian stock markets (Danish, Norwegian, Swedish and Finnish) applying EGARCH 2 . Additionally, CVM 3 (1998) investigated the link between the Asian and Brazilian markets as representative of the Latin American region during 1997. They found that the spillover effect started on July 15 th with the Thailand currency crisis. However, this spillover was not clearly observed until after October 23 rd (the Hong Kong crash). In a recent study, Ng (2000) found significant spillover effects from Japan and the US stock market on six Pacific-Basin markets, namely those of Hong Kong, Korea, Malaysia, Singapore, Taiwan and Thailand. In order to study international transmission effects of this type, a new testing technique based on the wavelet transform, was developed by Lee (2002) and applied to three developed markets (US, Germany and Japan) and two emerging markets in the MENA 4 region, namely Egypt and Turkey. The author reported that movements from the developed markets affected the developing markets but not vice versa.
In addition, Bessler and Yang (2003) employed an error correlation model and Directed Acyclic Graphs (DAG) to investigate the interdependence among nine mature markets, namely Japan, US, UK, France, Switzerland, Hong Kong, Germany, Canada and Australia. Their results showed that both changes in European and Hong Kong markets influenced the US market, while this was also affected by internal events. Moreover, Brooks and Ne-gro (2003) studied the relationship between market co-integration and the degree to which companies operate internationally. They considered three factors (global, country-specific and industry-specific) and found that the importance of the international factor has increased since the 1980's while that of the country-specific factor has decreased on all markets.
Strong evidence of international transmission from the US and Japanese markets to Korean and Thai markets during the late 1990's was presented by Wongswan (2003) , while most recently, Antoniou et al (2003) applied a VAR-EGARCH model to study the relationships among three EU markets namely Germany, France and the UK and the results showed some evidence of co-integration among those countries.
Our goal in this article is to study the evidence of global co-movements among seven stock markets, three in Europe (namely Irish, UK, and Portuguese), two in the Americas (namely US, and Brazil) and two in Asia (namely Japan and Hong Kong). In particular, we are interested in whether co-movements are direct (clockwise only) or indirect, impacting of nearestneighbour (continental grouping) and whether there is global absorption of major events or large changes in worldwide markets.
The remainder of this paper is organized as follows: The method due to Lee (2002) and based on the wavelet transform is described below (Section 2), with data and results presented in Section 3. Conclusions and remarks form the final section.
Wavelet Analysis
The wavelet transform was introduced to solve problems associated with the Fourier transform, when dealing with non-stationary signals, or when dealing with signals which are localized in time or space as well as frequency. The Wavelet Transform (WT) has been explained in more detail, particularly in [Hijmans (1993) , Bruce and Gao (1996) , Gonghui et al (1999) and Lee (2002) ], and we give a brief outline only in the following.
Definition of Wavelet Transform
The wavelet transform (WT) is a mathematical tool that can be applied to many applications such as image analysis, and signal processing. In particular, the discrete wavelet transform (DWT) is useful in dividing the data series into components of different frequency, so that each component can be studied separately to investigate the data series in depth. The wavelets have two types, father wavelets φ and mother wavelets ψ where φ(t)dt = 1 and ψ(t)dt = 0
The smooth and low-frequency parts of a signal are described by using the father wavelets, while the detail and high-frequency components are described by the mother wavelets. The orthogonal wavelet families have four different types which are typically applied in practical analysis, namely, the haar, daublets, symmlets and coiflets.
The following is a brief synopsis of their features:
• The haar has compact support and is symmetric but, unlike the others, is not continuous.
• The daublets are continuous orthogonal wavelets with compact support.
• The symmlets have compact support and were built to be as nearly symmetric as possible.
• The coiflets were built to be nearly symmetric.
A two-scale dilation equation used to calculate the wavelets, father φ(t) and mother ψ(t), is defined respectively by
where k andh k are the low-pass and high-pass coefficients given by
The orthogonal wavelet series approximation to a signal f (t) is defined by
where J is the number of multiresolution levels (or scales) and k ranges from 1 to the number of coefficients in the specified components (or crystals). The coefficient s J,k ,d J,k ,. . .,d 1,k are the wavelet transform coefficients given by
Their magnitude gives a measure of the contribution of the corresponding wavelet function to the signal. The functions φ J,k (t) and ψ j,k (t) [j = 1, 2, . . . , J] are the approximating wavelet functions generated from φ and ψ through scaling and translation as follows
The Discrete Wavelet Transform (DWT)
The discrete wavelet transform is used to compute the coefficient of the wavelet series approximation in Equation (5) 
Data and Results

Data Description
The data used in the following analysis consists of the daily prices of stock market indices for seven markets, [Irish (IRL), UK, Portuguese (P), US, Brazilian (BR), Japanese (JP) and Hong Kong (HK)], during the period from May 1993 to September 2003. We considered the indices ISEQ Overall (IRL), FTSE All Share (UK), PSI20 (P), S&P500 (US), Bovespa (BR), Nikkei 225 (JP) and Hang Seng (HK) to be representative of these markets. As each market uses its local currency for presenting the index values, we use the daily returns instead of using the daily prices where the following formula applies:
Daily Return = Ln(P t /P t−1 ) where • P t is the closing price of the index at time t.
• P t−1 is the closing price at time t − 1.
Note:
1. We use close-to-close returns here because the closing daily price summarizes the local and global changes and influences occurrences within the trading day which strongly affect the market.
2. Some daily observations have been deleted because the markets we studied have different holidays.In other words, if one market closed on a given day, we consider the others to close on the same day as well. The statistical summaries of the daily returns of all stock market indices are reported in Table 2 which shows that the sample means of the returns of all indices are positive except for those of Nikkei 225 and HSI indices. We test whether or not the skewness and kurtosis of all these series are different from zero and the results show that the returns series of ISEQ, PSI20 and FTSE indices are significantly negatively skewed. Both Bovespa and HSI indices have significant positive skewness, while S&P500 and Nikkei225 are not significantly different from zero in this sense. However, the returns series of all indices are leptokurtic and this means that the daily returns of all indices can not be regarded as normally distributed.
Figures 1 (a) to (e) represent the daily prices of ISEQ Overall, FTSE all shares, PSI20, S&P500 and Bovespa indices respectively. It can be seen that the prices of these indices increased in the first third of the series (1993 to 1996) corresponding to a long-term period of growth. After that, the indices became unstable due to global events such as the Hong Kong crash and Thailand crisis in 1997, "dot-com" in 2000 and September 11
th , 2001. Figures 1 (f) and (g) represent the prices of Nikkei 225 and HSI indices respectively. These demonstrate that the Japanese market is the most sensitive, possibly because companies who have shares in the Japanese stock market tend to be exposed internationally and so price index levels respond to changes both directly and indirectly. The Hong Kong market is noticeably unstable with a disproportionately large number of regionwide crashes (possible due to serial crises: Bird Flu, SARS, etc). The Asian financial crisis had strong direct effects on the Hong Kong market but it affected Japan's economy only weakly because only 40 % of Japan's exports go to Asia. In addition, Japan was going through its own ongoing long-term economic difficulties.
From the above, there are clear indications of effects from regionwide markets as well as from worldwide markets and this picture is more detailed when we look at the results of the wavelet analysis. The energy percentages described by each wavelet component for the daily returns of seven market indices are given in Table 3 which shows that the first two high frequency crystals (d 1 & d 2 ) explain more than 65% of the energy of these series, implying that movements are mainly caused by short-term fluctuations. Figures 2 (a) to (g) represent the discrete wavelet transform (DWT) for the daily returns of Irish, UK, Portuguese, US, Brazilian, Japanese and the Hong Kong stock market indices respectively. As mentioned, it can be seen that the first and the second wavelet components (
together account for most of the variations in the returns series.
Empirical Results
Traditionally, we might expect strong co-movements between nearest-neighbour markets. International stock markets such as those of Ireland and the UK are closely related, while there are strong historical links between Brazilian and Portuguese markets, for example.
To investigate the inter-relationships among all seven stock markets, we estimate simple regression and reverse regression models between each pair, using three different scales. These scales are row-returns series, where these are reconstructed from the first wavelet component (d 1 ) and the returns series, which are rebuilt from the first two wavelet crystals (d 1 and d 2 ) together. Conversely, we can not apply multiple regression (using forward or backward stepwise) to study the co-movements between the stock markets directly for two main reasons: firstly, multicollinearity problems are to be expected due to the relationships between the markets, secondly, we do not know the direction or order of the spillover effects.
From the results [R 2 and P -values of slopes] in Table 4 , it can be seen that there are strong co-movements between each two of the Irish, UK and Portuguese markets, while the Irish market is also influenced by the US, Japan and Hong Kong. The UK and Portuguese markets are affected by both Japan and Hong Kong, while these are impacted upon by the US and Brazilian markets. Further, the UK and Portuguese markets influence the US and Brazil. Table 4 also shows that there is co-movement between US and Brazilian and also between the Japanese and Hong Kong markets (nearestneighbours). No inter-relationships apparently exist between the Brazilian and either the Irish or Japanese markets, but the Brazilian market itself is significantly affected by that of Hong Kong. This implies that there is also an inner loop of "spillover effects" between Asian and American markets within the global circle, (southeast Asia to the Latin Americas). In other words, the US market affects those of Asian (Japanese and Hong Kong), which in turn impact on Brazil.
In order to get a clear picture of the historical linkage between Portuguese and Brazilian markets, we divided the whole period into three sub-periods (1993-1996, 1997-2000 and 2001-2003) and estimated the regression models between these markets using three different scales. The results are given in Table 5 and show no co-movement between Portugal and Brazil in the first period while there is significant evidence of co-movement between these markets from 1997 to 2000. However, in the third period, the results show that there are spillover effects from the Portuguese market on to the Brazilian market, but not vice versa. This appears to provide supporting evidence for an increase in the international transmission mechanism among stock markets.
Finally, it seems clear from the values of the coefficients for each pair of regressions that directional influence is globally clockwise starting with Asian markets influencing European, European impacting on the Americas and the circle completing with American market changes impacting on those of Asian. Interestingly, only the Japanese market demonstrates mixed influences. Possible explanations can be put forward for these findings on global inter-dependence and circular spillover effects between the stock markets in different Continents as follow:
• Many firms with shares in these stock market indices are international investors.
• Different time-zones mean that trading is concluded in Asia prior to opening in Europe and similarly for Europe to America and back again to Asia. These spillover effects are noticeable on the markets which open next, but these effects become less-marked for the next global cohort.
• Global investment may imply similar actions on prices throughout.
Conclusion
The aim of this work was to investigate the inter-relationships between seven international stock markets namely the Irish, UK, Portuguese, US, Brazilian, Japanese and Hong Kong based on daily returns. A new testing method suggested by Lee (2002) has been applied and our results show that there are significant co-movements between each European pair separately, between the US and Brazilian markets and also between the Japanese and Hong Kong markets. In addition, the indications are that there are significant spillover effects from the UK and Portuguese markets onto the US and Brazilian markets which in turn, themselves influence the Asian markets. In turn, Japan and Hong Kong impact the Europe. Finally, we can summarize our results in the following:
1. There are co-movements between regionwide markets (nearest-neighbour or intra-continental relationships). • Return is an indicator of the row daily returns series.
• Return.D1 is an indicator of the returns series reconstructed by using the first wavelet crystal.
• Return.D1+D2 is an indicator of the returns series reconstructed by using the first and the second wavelet crystals together. 
